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Evidence of the oscillatory magnetic anisotropy in NiÕCoÕNiÕCu„100…
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Magnetic anisotropy of Ni/Co/Ni/Cu~100! films was studied by the surface magneto-optical Kerr effect and
photoemission electron microscopy. The top Ni and Co films enhance the Curie temperature of the bottom Ni
layer so that the magnetic anisotropy of the bottom Ni layer can be studied in the monolayer~ML ! regime. In
addition, the top Ni and Co film thicknesses were chosen to be close to the spin-reorientation transition~SRT!
so that the magnetic anisotropy of the bottom Ni layer manifests in the SRT of the whole film. We found that
the magnetization direction of the film oscillates as a function of the bottom Ni thickness with a perpendicular
magnetic anisotropy appearing at;2 ML of Ni. This result indicates the existence of the oscillatory magnetic
anisotropy of the Ni film in the ultrathin regime.
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I. INTRODUCTION

Ni/Cu~100! has become one of the prototype systems
the study of magnetic thin films. The interplay between
interfacial effect, magneto-elasticity, and the dipolar ma
netic interaction results in many interesting magnetic beh
iors in the Ni/Cu~100! system. Structurally, Ni grows
pseudomorphically on Cu~100!, up to a critical thickness
with its in-plane lattice extended to that of Cu and its out-
plane lattice contracted.1 At regions thicker than the critica
thickness, strain relaxation occurs by the creation of dislo
tions, and the Ni lattice gradually relaxes towards its b
form.2 In the pseudomorphic region, the competition of t
strain-induced perpendicular magnetoelastic anisotr
against the in-plane interfacial magnetic anisotropy and
shape magnetic anisotropy gives rise to a spin reorienta
transition~SRT! from in-plane magnetization below 7 mono
layer ~ML ! Ni to out-of-plane magnetization above 7 M
Ni.3 Much effort has been devoted to understand the Ni S
around 7 ML of Ni in terms of the magnetic anisotropy. F
example, Farleet al. constructed a phase diagram of t
magnetization direction under different conditions,4 and
showed that the SRT is a continuous rotation of the mag
tization direction.5 Kuch et al.extended the SRT by coverin
the Ni film with a thin Co layer to obtain some microma
netic information.6 Dhesi, Dürr, and van der Laan found th
in-plane component switching of Ni film grown on stepp
Cu~100! near the SRT.7 The effect of Cu capping layer on th
SRT was also studied in details.8 In addition to the experi-
mental effort, theoretical calculations were also develope
explain the origins of the magnetic anisotropy.9 It was
pointed out that the tetragonal distortion of the Ni film o
Cu~100! is the origin of the strong perpendicular magne
anisotropy.10 It is well known that electronic states in ultra
thin films are strongly modulated due to the quantizat
effect;11 thus the magnetic anisotropy of a thin film should
modulated accordingly. Such effect was predicted by la
resolved theoretical calculation in the Ni/Cu~100! system.12

In particular, the oscillatory magnetic anisotropy has be
0163-1829/2003/67~17!/174425~6!/$20.00 67 1744
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predicted for ultrathin Ni films on Cu~100! which should
lead to a perpendicular magnetization at 2 ML of Ni.13 Since
the magnetic anisotropy has a strong temperat
dependence5 and that the Curie temperature (TC) is signifi-
cantly reduced as the Ni film thickness approaches the u
thin limit,14 it is difficult to study the thickness depende
magnetic anisotropy near 2 ML of Ni. In this paper, we r
port the study of Ni/Co/Ni/Cu~100! system. In this system
the bottom Ni layer is in the monolayer regime but itsTC is
much higher than room temperature due to the presenc
the Co and the top Ni films. The top Ni and Co film thick
nesses were chosen to be close to the SRT point so tha
oscillatory magnetic anisotropy as a function of the botto
Ni layer thickness can be singled out by studying the SRT
the overall film. We indeed obtained evidence of the osci
tory magnetic anisotropy as a function of the Ni film thic
ness.

II. EXPERIMENT

A Cu~100! single-crystal disk was mechanically polishe
down to 0.25mm diamond paste finish, and then electr
chemically polished.15 The Cu substrate was then introduc
into an ultrahigh vacuum chamber and cleaned by cycle
Ar1 sputtering at 2–3 keV and annealing at;600 °C. Ni and
Co films were grown epitaxially onto the Cu~100! at room
substrate temperature by thermally evaporating Ni and
materials contained in Al2O3 crucibles. The films were char
acterized by low-energy electron diffraction~LEED!, reflec-
tion high-energy electron diffraction~RHEED!, and Auger
electron spectroscopy~AES!. The evaporation rate wa
monitored by a water-cooled quartz balance which was c
brated by RHEED oscillations. For magnetic measurem
several samples were prepared with the Co or Ni lay
grown into wedges to permit their thickness control. Surfa
magneto-optical Kerr effect~SMOKE! measurements wer
performedin situ at room temperature. Two pairs of electr
magnets apply a magnetic field either parallel or perpend
lar to the film plane to generate the longitudinal or po
©2003 The American Physical Society25-1
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magnetic hysteresis loops without changing the sample p
tion. The SMOKE incident light is a He-Ne laser and
focused on to the sample surface with an optic lens. T
incident angle is fixed at;45° relative to the normal direc
tion of the surface. After reflection, the beam intensity
measured by a photodiode behind a linear polarizer whic
set at;1° from extinction. The sample for photoemissio
electron microscopy~PEEM! measurement was capped wi
a 20 Å Cu protective layer and transferred into the PEE
chamber at beamline 7.3.1.1 of the Advanced Light Sou
~ALS! at Lawrence Berkeley National Laboratory~LBNL !.
The starting positions of the Ni and Co wedges were de
mined using the 2p core levels, and the magnetic doma
images were obtained by taking the ratio ofL3 and L2
edges16 utilizing the effect of x-ray magnetic circular dichro
ism ~XMCD!.

FIG. 1. LEED and RHEED patterns of~a! Cu~100! and~b! Ni~5
ML !/Co~2 ML!/Ni~5 ML!/Cu~100!.
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III. RESULTS

A. Structural characterization

Figure 1 shows typical LEED and RHEED patterns of t
Cu~100! substrate and the Ni/Co/Ni film grown on top of th
Cu~100!. There is no obvious change in the diffraction pa
terns after the film growth, suggesting an epitaxial grow
nature of this system. To further confirm this, RHEED inte
sity was monitored during film growth. The presence of t
RHEED oscillations~Fig. 2! confirms that this system indee
has a nearly layer-by-layer growth mode. For the Ni/Cu~100!
system, there exists a critical thickness above which
strain relaxation occurs. However, the value of the criti
thickness depends on the quality of the film and is not w
defined. Haet al. studied Cu/Ni/Cu/Si~100! in the Ni thick-
ness range of 30–2000 Å.17 However, the value of the N
critical thickness depends on the model fitting. Their expe
mental data suggest that Ni films below 30 Å have a str
very close to that in the pseudomorphic region~dislocation
spacing greater than 200 Å!. For the Ni film grown on a
single-crystal Cu~100! substrate, a LEEDI -V study shows
little change up to 22 ML of Ni.18 These results suggest th
strain relaxation does not have a significant effect on Ni fil
below ;20–30 ML. In fact, the second SRT due to stra
relaxation occurs at;135 Å of Ni thickness. We will come
back to this point later when discussing the magnetic pr
erties.

B. NiÕCoÕCu„100…

We first studied the Ni/Co/Cu~100! system. Double
wedges of Ni and Co were grown on Cu~100! and measured
in situ by SMOKE. Polar hysteresis loops of the films we
taken at room temperature. Figure 3 shows the remanen
lar signal, which is proportional to the perpendicular comp
nent of the magnetizationM' , as a function of the Ni film
thickness with 0, 1, and 2 ML Co. The perpendicular co
ponent of the magnetization remains zero in thin film regi
and develops above a critical thickness. The onset ofM'
.
an
FIG. 2. RHEED intensity versus growth time
The presence of RHEED oscillations suggests
epitaxial growth nature of the Ni/Co/Ni/Cu~100!.
5-2



s
th

l
es
SR

o

o

C

ng
ion,

nce

n-
un-

ua-

ult

e
the
r-
t
he

ear
not

i
RT
ent
.4,
re-
a-
top

om

eas-

in
xed

k

EVIDENCE OF THE OSCILLATORY MAGNETIC . . . PHYSICAL REVIEW B 67, 174425 ~2003!
signatures the in-plane to out-of-plane SRT of the Ni film
We define the SRT thickness as the thickness at which
polar Kerr signal starts to develop~;4% Kerr signal, indi-
cated by arrows in Fig. 3!. The choice of 4% is not essentia
but is just for operational convenience. Obviously, the pr
ence of a Co layer increases the Ni SRT thickness. The
thickness was determined systematically from the Ni/C
Cu~100! double-wedged sample~Fig. 4!. The critical thick-
ness plotted in thedNi-dCo plane can be roughly divided int
two segments (dCo,1 ML and dCo.1 ML), each behaving
linearly. For dCo.1 ML, the linear coefficient isdNi /dCo
510.4, in agreement with Ref. 6. FordCo,1 ML, the linear
coefficient isdNi /dCo55.5, less than that ofdCo.1 ML.

The linear dependence in Fig. 4 can be understood
terms of the anisotropy competition between the Ni and

FIG. 3. Polar magnetic remanence of the Ni/Co/Cu~100! as a
function of the Ni film thickness. The arrow defines the SRT thic
ness. The solid lines are guide to eye.

FIG. 4. SRT thickness in thedNi-dCo plane. Linear re-
lations betweendNi and dCo can be obtained fordCo,1 ML and
dCo.1 ML.
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films. Assuming that the strong Ni-Co exchange coupli
lines up the Ni and Co magnetizations in the same direct
the area uniaxial magnetic anisotropy of the Ni/Co/Cu~100!
film for dCo.1 ML is

E5~22pMNi
2 1KV

Ni!dNi1~22pMCo
2 1KV

Co!dCo1KS
Ni-vac

1KS
Ni-Co1KS

Co-Cu. ~1!

Here theV and S subscripts ofK denote the volume and
surface magnetic anisotropies, and the superscript ofK states
where the anisotropy comes from. Then a linear depende
is expected betweendNi anddCo for the SRT (E50).

For dCo,1 ML, the Co film should form 1-ML islands
with the top Ni film contacting the Cu substrate in the pi
hole region. Thus the area uniaxial magnetic anisotropy
der this condition should be

E5~22pMNi
2 1KV

Ni!dNi1~22pMCo
2 1KV

Co!dCo1KS
Ni-vac

1~KS
Ni-Co1KS

Co-Cu!dCo/~1 ML!

1KS
Ni-Cu~12dCo!/~1 ML!. ~2!

Hered is in units of ML, and thusdCo and 12dCo describe
the fraction of Co islands and pinholes, respectively. Eq
tion ~2! defines a straight line in thedNi-dCo plane for the
SRT but with a different slope than that defined by Eq.~1!.
The crossover between Eqs.~1! and ~2! should occur atdCo
;1 ML, which agrees roughly with the experimental res
in Fig. 4. The less steep slope atdCo,1 ML shows that
KS

Ni-Co1KS
Co-Cu.KS

Ni-Cu . One could attempt to do som
quantitative estimate of the magnetic anisotropy from
slopes of Eqs.~1! and ~2!, but a large error could be gene
ated using this method.18 Another interesting feature is tha
there is no obvious deviation from the linear behavior in t
dNi-dCo plane up todCo52 ML anddNi525 ML. Noting that
strain relaxation changes the magnetic anisotropy, the lin
behavior in Fig. 4 indicates that strain relaxation does
play a significant role in the thickness range studied.

C. NiÕCoÕNiÕCu„100…

The Ni/Co/Ni/Cu~100! sample was grown with the two N
films as wedges and the Co film at fixed thickness. S
thickness was determined for several samples with differ
Co thicknesses. As shown in Fig. 5, the results for 0.7, 1
and 1.8 ML Co samples are from the SMOKE measu
ments, and the result for 1.1 ML Co is from the PEEM me
surement. The SRT lines determine the relation of the
and bottom Ni thicknesses (dt and db) that give rise to an
overall zero magnetic anisotropy. By increasing the bott
Ni layer thickness (db), the top layer’s critical thickness (dt)
first decreases to reach a minimum value atdb;2 ML, then
increases to a peak, and finally decreases by further incr
ing db . The dependence ofdt on db obviously exhibits an
oscillatory behavior. This oscillation can be seen clearly
the PEEM and SMOKE measurements on samples of fi
top Ni layer thickness.

-

5-3
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Figure 6 shows a series of PEEM images of the sam
Ni(11 ML)/Co(1.1 ML)/Ni(db)/Cu(100) @along the hori-
zontal line of Fig. 5~b!#. Before taking the PEEM measure
ments, the sample was magnetized by an external mag
field to wipe out perpendicular magnetic domains so that
in-plane and out-of-plane magnetizations can be dis
guished clearly in the PEEM images. Due to the stro
Ni-Co magnetic coupling, we did not observe any differen
between the Ni and Co magnetic domains so that we
only show the Ni domain images in this paper. With t
increase of the bottom Ni layer thickness, the film exhib
in-plane magnetic domains below 1 ML of the bottom
layer, then an in-plane to out-of-plane transition atdb
;1.3 ML, another out-of-plane to in-plane transition atdb
;3.0 ML, and finally an in-plane to out-of-plane transitio
at db;5.8 ML. The parallel-to-perpendicular-to-parallel-t
perpendicular SRT’s are clearly seen. Similar behavior w
also observed by the SMOKE measurements.

Figure 7 shows the polar and longitudinal SMOKE rem
nences of Ni(14.7 ML)/Co(1.4 ML)/Ni(db)/Cu(100) as a
function of the bottom Ni layer thickness@along the horizon-
tal line of Fig. 5~c!#. The polar signal has been rescaled a
shifted in order to plot it in the same graph with the long
tudinal signal. Both the polar and longitudinal remanen

FIG. 5. SRT thickness in thedt-db plane for sample of
Ni(dt)/Co/Ni(db)/Cu(100).
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oscillate with db in an out-of-phase manner, showing th
parallel-to-perpendicular-to-parallel-to-perpendicular SR
as a function of the bottom Ni layer thickness.

IV. DISCUSSION

We now discuss the origins of the oscillatory behavior
Figs. 6 and 7. The Ni(dt)/Co layers in the
Ni(dt)/Co/Ni(db)/Cu(100) system play two roles. First, th
ferromagnetic order of the Ni(dt)/Co layers greatly enhanc
the Curie temperature of the Ni bottom layer as compared
the Ni/Cu~100! system so that we can ignore the temperat
effect. Second, the top Ni layer thickness is near the S
critical thickness of the Ni/Co/Cu~100! system so that the
magnetic anisotropy of the Ni(dt)/Co layers in the
Ni(dt)/Co/Ni(db)/Cu(100) system should be close to zer
Then the SRT of the Ni(dt)/Co/Ni(db)/Cu(100) system
shown in Figs. 6 and 7 should reflect the magnetic anisotr
change due to the bottom Ni layer. The parallel-t
perpendicular SRT at thicker bottom Ni layer (db;6 ML)
for Fig. 6 anddb;10 ML for Fig. 7! corresponds to the SRT
of the Ni/Cu~100! at ;7 ML of Ni. However, the perpen-
dicular magnetization around 2–3 ML bottom Ni layer is
new observation that was not reported in the literature. Si
the oscillatory behavior in Figs. 6 and 7 is present through
the Co thickness range studied (0.7 ML,dCo,1.8 ML) and
the local minimum ofdt is always arounddb;2 ML, we can
rule out the effect of pinholes in the Co layer.

Pinholes in the bottom Ni layer are expected to exist
db,1 ML. In such a case, the Co film should be in conta
with the Cu substrate. This effect may account for the ra
decrease of the top Ni thickness (dt) in Fig. 5 in the region
of db,1 ML, but it does not explain whydt increases again
(db.2 ML) after the bottom Ni layer separates the Co a
Cu. Thus we can also rule out the effect of pinholes from
bottom Ni layer. Therefore the oscillations of the SRT critic
thickness in Fig. 5 and the oscillations of the magnetizat
direction in Figs. 6 and 7 show the existence of the osci
tory magnetic anisotropy in Ni/Co/Ni/Cu~100!. Since onlydb
varies in Figs. 6 and 7, the oscillatory magnetic anisotro
should be due to the bottom Ni layer. Because of the se
tive dependence of the Ni magnetic anisotropy on its tetr
onal distortion,10 we cannot further isolate the magnetic a
isotropy of the Ni bottom layer from the overall structur
i.e., we do not know if the perpendicular magnetic anis
ropy arounddb;2 ML in the Ni/Co/Ni/Cu~100! will be a
universal behavior for Ni in any other structures.
FIG. 6. PEEM images from the sample of Ni(11 ML)/Co(1.1 ML)/Ni(db)/Cu(100).~a! and~e! show the in-plane magnetization.~c! and
~g! show the perpendicular magnetization.~b!, ~d!, and ~f! show the SRT regions. The oscillations of the magnetization direction withdb

indicate the existence of the oscillatory magnetic anisotropy.
5-4
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As pointed out in the Introduction, the magnetic anis
ropy of fct Ni film on Cu~100! depends strongly on the la
tice distortion and the electronic states. These two effects
both present in thin films, making it difficult to separa
them. However, it would be constructive to discuss them
terms of existing experimental and theoretical works. Fi
we would like to discuss the effect of the lattice distortio
Since the Ni lattice contraction in the vertical direction of t
film originates its perpendicular magnetoelastic anisotrop
greater lattice contraction of the bottom Ni layer at;2 ML
in Ni/Co/Ni/Cu~100! could explain our experimental resul
For the Ni/Co/Ni/Cu~100! system, no detailed structura
characterization is available in the literature. For the
Cu~100! system, LEEDI -V study shows no obvious differ
ent interlayer spacing around 2 ML Ni film.19 Magnetic mea-
surement on Ni~1.6 ML!/Cu~100! also shows an in-plane
magnetization.20 However, because of the low Curie tem
perature of the Ni~1.6 ML!/Cu~100! and the strong depen
dence of the magnetic anisotropy onT/TC , the observed
in-plane magnetic anisotropy in Ni~1.6 ML!/Cu~100! may
not represent its value far belowTC . Therefore, we canno
rule out the lattice distortion effect in our experiment witho
further experiments on the lattice contraction around 2 ML
the bottom Ni in Ni/Co/Ni/Cu~100! and a retesting of the

FIG. 7. Polar and longitudinal remanences
Ni(14.7 ML)/Co(1.4 ML)/Ni(db)/Cu(100) as a function of the
bottom Ni layer thickness. The solid lines are guide to eye. T
oscillations withdb show the existence of the oscillatory magne
anisotropy.
ty

.

ola

.
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magnetization direction of Ni/Cu~100! around 2 ML Ni at a
very low temperature. Second, we would like to discuss
effect of the electronic state in our experiment. In ultrath
films, the interfaces reflect electron waves to form quant
well ~QW! states. The energy levels of the QW states dep
on the film thickness and the interfacial properties. T
modification of the electronic states due to the QW sta
should, in principle, modify the magnetic anisotropy of
magnetic thin film to result in an oscillatory behavior. Som
theoretical results may shed light on this effect. Uiberac
et al. performed layer-resolved calculation on the N
Cu~100! system and showed that the magnetic anisotro
exhibits oscillations with the Ni thickness and has a perp
dicular magnetization at 2 ML of Ni in a wide range of th
strain ~0 to 25.5%!.13 However, it is difficult to make a
direct comparison between this theoretical work and our
periment because our experimental system is not a singl
film on Cu~100!. Another qualitative explanation is the qua
tum interference between different layers. In a multiplay
system, multielectron reflections could generate quantum
terference effect.21 The presence of the Ni, Co, and Ni laye
in the Ni/Co/Ni/Cu~100! can be regarded as a multi-QW sy
tem. Thus QW interference between different layers sho
affect the electronic states of the system to modulate
magnetic anisotropy. Future theoretical works are sugge
to explore such possibility.

V. SUMMARY

Ni/Co/Ni/Cu~100! films are grown and studied b
SMOKE and PEEM. The critical thickness of the spin reo
entation transition was determined for fixed Co film thic
ness. We found that the SRT thickness and the magnetiza
direction oscillate as a function of the bottom Ni film thick
ness. In particular, a perpendicular magnetic anisotropy
observed at;2 ML of the bottom Ni layer. These result
suggest the existence of the oscillatory magnetic anisotr
of the Ni film in the ultrathin regime.
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